Introduction
============

Calcium oxalate (CaOx) stone formation is the most common cause of urolithiasis.[@b1-ijn-9-4399]--[@b3-ijn-9-4399] Most CaOx stones lack definite causes, making it difficult to prevent. Currently, it is considered to be the result of multiple factors. The urine excretion of high oxalate, high calcium, high uric acid, and low citrate are all important risk factors of renal stone formation.

Regardless of urine pH, CaOx crystals can still be formed. A previous study has shown that calcium oxalate monohydrate (COM) formation was closely related with hyperoxaluria, whereas calcium oxalate dihydrate (COD) formation was closely related with hypercalciuria.[@b4-ijn-9-4399]

The formation process of CaOx stones involves nucleation, growth, agglomeration, and cell adhesion.[@b5-ijn-9-4399],[@b6-ijn-9-4399] The properties of urinary crystallites were found to be closely related to renal stone formation in the urine.[@b7-ijn-9-4399]--[@b9-ijn-9-4399] In addition, COM content was found to be greater in urinary crystallites of patients with renal stones, while COD was found to be greater in control subjects.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) have been widely used to study and simulate in vitro the biominerals involved in urolithiasis.[@b10-ijn-9-4399]--[@b13-ijn-9-4399] For instance, SEM--energy dispersive X-ray spectroscopy (EDS) was used to analyze the chemical element distribution in the surface and interior layers of CaOx stones.

CaOx stones often have a core--shell structure. Previous reports detected the components and elements on the surface and interior layer of stones by using Fourier transform infrared spectroscopy (FT-IR), SEM-EDS, and thermogravimetric analysis (TGA) and then predicted the formation mechanism of stones based on the difference of these two components. For example, Fazil Marickar et al[@b10-ijn-9-4399] studied chemical element distribution on the surface and interior layer of CaOx--calcium phosphate (CaP) mixed stones by SEM-EDS, indicating that the main component in its interior layer was CaOx and CaP, whereas that on the surface was CaOx. Thus, they deduced that CaP crystals maybe induced the development of COM crystals by heterogeneous nucleations. The in vitro simulation experiment showed that CaP and uric acid (UA) crystals induced the development of COM crystals through heterogeneous nucleation.[@b14-ijn-9-4399],[@b15-ijn-9-4399]

Lee et al[@b13-ijn-9-4399] performed TGA and EDS to identify the components in the surface and interior layers of magnesium ammonium phosphate calculi. The results showed that the major elements in the surface layer were primarily composed of C (43.75%), O (50.31%), and Ca (5.24%); P (0.07%) and Mg (0.24%) were present in low amounts, whereas no traces of N were found. By contrast, the major elements found in the interior layer were C (28.72%), N (7.01%), O (49.16%), P (6.51%), Mg (4.12%), and Ca (4.48%). These results were confirmed by TGA, which showed that the components in the interior layer of the sample contained 64% magnesium ammonium phosphate and 36% apatite, while its surface layer contained CaOx. This can be explained by the combination of PO~4~^3−^, CO~3~^2−^, and NH~4~^+^ in the urine with Mg^2+^ in the surface of a bacterial capsule, then precipitated struvite CaP in the presence of bacterial capsule, which served as nucleation, growth, and aggregation sites for struvite crystals, whereas CaP crystals could induce the development of CaOx crystals by heterogeneous nucleations.[@b16-ijn-9-4399]

For UA stones, EDS detected the prominent absorption peaks of C (41.92%), N (38.64%), and O (19.62%).[@b13-ijn-9-4399] In addition, the prominent peaks of S, C, O, and Ca were observed by EDS for cystine calculi.[@b12-ijn-9-4399] These findings, combined with the results from FT-IR, showed that the sample contained COM and cystine.

High-resolution transmission electron microscopy (HRTEM), selected area electron diffraction (SAED), fast Fourier transformation (FFT), and EDS were performed to study the components of urinary nanocrystallites in urine of nine patients with CaOx calculi, and the influence of components of urinary crystallites on stone formation was discussed.

Materials and methods
=====================

Reagents and instruments
------------------------

Absolute ethanol and sodium azide (NaN~3~) were of analytical purity. Glass vessels were cleaned with double-distilled water.

TEM was conducted on an HRTEM (JEOL 2100F) with a maximum acceleration voltage of 200 kV and lattice resolution of 0.19. To determine the morphology, component, element, and crystal structure of urinary nanocrystallites, we performed HRTEM, FFT, SAED, and EDS of the HRTEM. FFT analysis in the Digital Micrograph software was also conducted to obtain the patterns. X-ray diffraction (XRD) results were recorded using a D/max 2,400 X-ray diffractometer (Rigaku, Tokyo, Japan) with Ni-filtered Cu Ka radiation (*k*=1.54 A°) at a scanning rate of 2° min^−1^ (40 kV, 30 mA). The divergence and scattering slit was 1° for the range of 5°\<2θ\<60°.

Collection, treatment, and component detection of stones
--------------------------------------------------------

CaOx stones were collected from nine patients with calculi after surgery, disinfected with 75% alcohol, cleared with distilled water, and placed in a dust-free incubator at 45°C to dry. The urinary stones were then ground to powder by an agate mortar for XRD characterization. It was shown that the main component of these nine stones was CaOx.

Collection and treatment of urinary nanocrystallites
----------------------------------------------------

Fasting morning urine samples were collected. The pH value was detected, and 2% NaN~3~ solution (10 mL/L urine sample) was added to these urine samples as antiseptic. Anhydrous alcohol was added to the urine sample \[*V*(urine):*V*(ethanol) =3:2\]. Ethanol can provide hydrogen and oxygen groups of hydroxyl to form hydrogen bonds with proteins and then destroy the original hydrogen bonds in proteins. This process caused the denaturation and precipitation of proteins. After the urine proteins and insoluble substances (such as cell debris and red blood cells) were removed by centrifugation at 4,000 r/m for 15 minutes, the urine sample was filtered by a microporous membrane with a pore size of 1.2 μm to eliminate the influence of large-sized urinary crystallites. After large-sized crystals were filtered out, the filtrated urine was suitable for the study of nanocrystallites.

HRTEM, SAED, FFT, and EDS analyses of urinary nanocrystallites
--------------------------------------------------------------

After the filtered urine sample was subjected to ultrasound treatment for 5 minutes, approximately 5 μL of urine was submerged in a copper mesh by a microsyringe, and the urine was preliminarily dried using absorbent paper from the back of the mesh so as to remove most of the water in urine. After such a treatment, most of the soluble salts (such as NaCl and urea) in urine were sucked off with the urine by the paper. Then the mesh was stored in a desiccator for 2 days prior to HRTEM, SAED, FFT, and EDS analyses.

Determination of urinary biochemical parameters
-----------------------------------------------

The main urinary biochemical parameters of all these patients and healthy people were detected by standard methods reported.[@b17-ijn-9-4399] The data are listed in [Table 1](#t1-ijn-9-4399){ref-type="table"}. The concentrations of Ca^2+^ and Mg^2+^ were measured by flame atomic absorption spectrometry.[@b18-ijn-9-4399] Urine oxalate was detected by a classic permanganate--oxalate oxidation reduction reaction method.[@b19-ijn-9-4399] UA content was detected by spectrophotometry by exploiting the ability of UA to reduce Fe (III) into Fe (II) and the ability of Fe (II) to coordinate with phenanthroline yielding orange--red complexes.[@b20-ijn-9-4399] Citrate content was detected using the oxidation of citrate in urine to pentabromoacetone by nascent Br of pentabromoacetone in petroleum ether and reaction with thiourea--borax solution,[@b21-ijn-9-4399] and the golden yellow-colored layer is measured with a blue--violet filter (Klett No 42) in a spectrophotometer at 445 nm. Glycosaminoglycan (GAG) content was detected by Alcian Blue colorimetric method.[@b22-ijn-9-4399] Phosphate was measured by colorimetric method (molybdate) using a spectrum automated analyzer.[@b23-ijn-9-4399] Urine creatinine was determined using a modified Jaffé method performed on an automated analyzer.[@b24-ijn-9-4399]

Results
=======

XRD analysis of CaOx stones
---------------------------

[Figure 1](#f1-ijn-9-4399){ref-type="fig"} shows the XRD spectra of the stones from two representative patients with CaOx stones. We detected the peaks at *d*=5.93, 3.65, 2.97, 2.49, 2.35, 2.26, 2.07, and 1.98 Å, which were assigned to ( $\overline{1}$01), (020), ( $\overline{2}$02), (112), (130), (202), (321), and ( $\overline{3}$03) planes of COM crystal (powder diffraction file (PDF) card number 20-0231),[@b25-ijn-9-4399] respectively. We also detected the peaks at *d*=6.18 and 2.24 Å, which were assigned to (200) and (213) planes of COD (PDF card number 17-0541), respectively. That is, the main components of CaOx stones were found to be COM and a small amount of COD.

Urinary biochemical parameters in patients with CaOx calculi
------------------------------------------------------------

[Table 1](#t1-ijn-9-4399){ref-type="table"} shows the main biochemical parameters in the urine of nine patients with CaOx calculi and nine healthy subjects. The concentrations of calcium, oxalate, phosphorus, UA, magnesium, and creatinine in the urine of the patients were significantly higher than those of the controls. In contrast, the citrate and GAG excretions of the patients were significantly lower than those of the controls. These results indicated that the formation of CaOx calculi was closely related to hyperuricosuria, hyperoxaluria, and the lack of crystallization inhibitors such as citrate and GAGs in urine also increased the risk of renal calculi formation.

Furthermore, the absolute value of zeta potential of the patients with CaOx stones was smaller than that of the controls. This result indicated that the urinary crystallites of the patients were easier to aggregate than those of the controls. The increase of creatinine concentration in the urine of the patients also indicated that the renal function of the patients was abnormal.

HRTEM observation of urinary nanocrystallites
---------------------------------------------

The morphology of urinary nanocrystallites in patients with CaOx stones was observed by HRTEM ([Figure 2](#f2-ijn-9-4399){ref-type="fig"}). Their particle sizes were \<100 nm, and some crystallites were evidently aggregated. In our previous study with urinary nanocrystallites,[@b26-ijn-9-4399] we observed classic hexagonal COM and bipyramidal COD for the urinary crystallites with a size of a few hundred nanometers. However, in the present study, we have only observed spherical COM and COD for the urinary crystallites with a size of dozens of nanometers. These small-sized particles have high interface energy; therefore, they appeared spherical in shape and were easy to aggregate.

FFT analysis of urinary nanocrystallites
----------------------------------------

[Figure 3](#f3-ijn-9-4399){ref-type="fig"} shows the images obtained from HRTEM and FFT in different areas of the urinary nanocrystallites. To analyze the clear lattice fringes, we simultaneously detected the presence of UA and COM ([Figure 3A](#f3-ijn-9-4399){ref-type="fig"}). In the interior region, the submaximal diffraction peak of UA crystal (*d*=3.23 Å) was detected and was assigned to the (021) plane of UA (PDF card number 31-1982).[@b25-ijn-9-4399] In the surrounding area, the submaximal diffraction peak of COM (*d*=3.65 Å) was detected and was assigned to the (020) plane of COM.

We detected the strongest diffraction peaks of UA crystal in [Figure 3B and C](#f3-ijn-9-4399){ref-type="fig"}, respectively. The peaks at *d*=3.23 and 3.09 Å were assigned to the (021) and ( $\overline{1}$21) planes of UA, respectively. The strongest diffraction peak of CaP crystal was detected in [Figure 3D](#f3-ijn-9-4399){ref-type="fig"}. The peak at *d*=2.88 Å was assigned to the (0210) plane of CaP. Therefore, the main components of urinary nanocrystallites found in patients with CaOx stones were UA, COM, and CaP.

SAED analysis of urinary nanocrystallites
-----------------------------------------

SAED was carried out to further characterize the components of urinary nanocrystallites ([Figure 4](#f4-ijn-9-4399){ref-type="fig"}). The appearance of a series of diffraction points or diffraction rings demonstrated that the sample was either a single crystal or a multicrystal.[@b27-ijn-9-4399],[@b28-ijn-9-4399] The diffraction data were indexed and compared with the PDF card.[@b25-ijn-9-4399] The attributes of the diffraction points or diffraction rings are listed in [Table 2](#t2-ijn-9-4399){ref-type="table"}.

In the SAED pattern, we detected an interplanar spacing of *d*=2.88 Å, which was assigned to the strongest plane (0210) of CaP (PDF card number 09-0169).[@b25-ijn-9-4399] We also detected interplanar spacings of *d*=2.60, 2.19, 1.62, 1.55, and 1.39 Å, which were assigned to the (220), (404), (2,218), (517), and (1,514) planes of CaP. Interplanar spacings of *d*=5.88 and 1.72 Å were also detected and assigned to the ( $\overline{1}$01) and ( $\overline{3}$23) planes of COM, respectively.

Different components of urinary crystallites in the interior region and surrounding region
------------------------------------------------------------------------------------------

In order to further study the influence of urinary nanocrystallite components on CaOx calculi formation, the components of the interior region and surrounding region of a urinary crystallite of about 100 nm ([Figure 5](#f5-ijn-9-4399){ref-type="fig"}) were comparatively studied. In the FFT image of the surrounding region of urinary crystallite ([Figure 5B](#f5-ijn-9-4399){ref-type="fig"}), we detected interplanar spacings of *d*=2.96, 2.49 Å, which were assigned to the ( $\overline{2}$02) and (112) planes of COM, whereas in the interior region ([Figure 5C](#f5-ijn-9-4399){ref-type="fig"}), we detected an interplanar spacing of *d*=2.88 Å, which was assigned to the (0210) plane of CaP. A series of diffraction rings appeared in the SAED of the crystallite ([Figure 5D](#f5-ijn-9-4399){ref-type="fig"}). We detected interplanar spacings of *d*=2.75 and 2.96 Å, which were assigned to the (420) and ( $\overline{2}$02) planes of COM; interplanar spacings of *d*=1.93, 1.73, and 1.55 Å were assigned to the (4,010), (2,020), and (517) planes of CaP. [Figure 5](#f5-ijn-9-4399){ref-type="fig"} shows that the main components in the interior region of urinary crystallite were CaP and COM, whereas in the surrounding region it was mainly COM.

EDS analysis of urinary crystallites
------------------------------------

To further study the components of urinary crystallites, EDS of the urinary crystallites was performed. Given the effect of carbon membrane as background, we collected EDS data from ten different places in the central and surrounding regions of urinary crystallites. The main elements C, O, Ca, P, Mg, and Si were observed as shown in [Figure 6](#f6-ijn-9-4399){ref-type="fig"}. This result revealed that the main component of the urinary crystallites of COM calculi patients was CaOx and that these crystallites contained a small amount of CaP and UA. [Figure 7](#f7-ijn-9-4399){ref-type="fig"} shows an EDS distribution of urinary crystallite in a representative CaOx stone patient.

Urine microcrystallites have numerous components. Data errors from EDS detection are significant, and light elements (such as nitrogen) are sometimes undetected.[@b29-ijn-9-4399]--[@b31-ijn-9-4399] Thus, the difference of element distributions among different areas is quite large. However, statistical results showed that the average Ca element content (22.4%±17.1% for the surrounding region and 15.4%±9.0% for the central region) was significantly higher than that of P (1.57%±2.42% and 4.09%±3.44% respectively); the ratio of Ca to P was \<1 ([Figure 6](#f6-ijn-9-4399){ref-type="fig"}). Further analysis showed that P content in the central region of the urinary crystallite (4.09%±3.44%) was apparently higher than that in the surrounding region (1.57%±2.42%), while Ca content in the central region (15.4%±9.0%) was lower than that in the surrounding region (22.4%±17.1%). This indicated that CaP may act as a nidus to induce COM development. The presence of Si was caused by the machine probe.

Discussion
==========

Relationship between urinary crystallite components and stone components
------------------------------------------------------------------------

FFT ([Figures 3](#f3-ijn-9-4399){ref-type="fig"} and [5C](#f5-ijn-9-4399){ref-type="fig"}) and SAED spectra ([Figures 4](#f4-ijn-9-4399){ref-type="fig"} and [5D](#f5-ijn-9-4399){ref-type="fig"}) of urinary crystallites show the strongest diffraction planes of UA and CaP, respectively. EDS analysis ([Figure 6](#f6-ijn-9-4399){ref-type="fig"}) shows the presence of the elements C, O, Ca, and P. These results indicate that the main components of urinary nanocrystallites in patients with CaOx calculi were CaOx, UA, and CaP.

However, only COM and COD were detected in the XRD spectra of the stones ([Figure 1](#f1-ijn-9-4399){ref-type="fig"}); UA and CaP were not detected. This can be attributed, on one hand, to the difference between stones and urinary crystallites and, on the other hand, to the UA and CaP contents (\<5%). The XRD spectra provide comprehensive analyses of all components. When COM content was too high and UA and CaP content was too low (eg, \<5%), the diffraction peaks of UA and CaP were overlapped by the strong diffraction peaks of COM.

By contrast, we can separately detect a single nanocrystallite by performing SAED, FFT, and EDS. Thus, the components of urinary nanocrystallites, especially those \<5% (such as phosphate), can be more accurately analyzed. These low-content components are difficult to detect using XRD and FT-IR. This new method facilitates understanding of the mechanism of renal stone formation.

UA and CaP nanocrystallites as nidus induced the development of COM
-------------------------------------------------------------------

FFT ([Figure 3](#f3-ijn-9-4399){ref-type="fig"}) and SAED ([Figure 4](#f4-ijn-9-4399){ref-type="fig"}) showed that the main components of urinary crystallites were CaOx, UA, and CaP. EDS analysis ([Figure 6](#f6-ijn-9-4399){ref-type="fig"}) showed that P content (4.09%±3.44%) in the central region of the urinary crystallites was higher than that in the surrounding region (1.57%±2.42%). Therefore, the component of urinary crystallite in the central region was CaP ([Figure 5C](#f5-ijn-9-4399){ref-type="fig"}) or UA ([Figure 3](#f3-ijn-9-4399){ref-type="fig"}), whereas that in the surrounding region was COM ([Figure 5B](#f5-ijn-9-4399){ref-type="fig"}) or a CaP--COM mixture ([Figure 5D](#f5-ijn-9-4399){ref-type="fig"}). This result provided evidence for UA or CaP crystals as nidus to induce CaOx stone formation in nanoscale.

The main components of urinary nanocrystallites in COM stone patients were COM, UA, and CaP. This result provided direct evidence of nano-UA and/or nano-CaP crystallites as central nidus to induce COM stone formation. This finding is different from the deduced results in references[@b10-ijn-9-4399]--[@b13-ijn-9-4399] based on the component and element analysis of the surface and interior layer of stones.

The formation of CaOx stones is closely related with that of hyperuricosuria.[@b32-ijn-9-4399],[@b33-ijn-9-4399] The presence of UA crystals could induce the development of COM through heterogeneous nucleation.[@b33-ijn-9-4399]--[@b35-ijn-9-4399] UA could function as a nidus to induce the generation, precipitation, and aggregation of CaOx crystals.[@b36-ijn-9-4399] Moreover, UA crystals, which are better nucleating agents than mucoproteins (glycoprotein) and cell debris, can induce the development of COM as a heterogeneous nucleating agent.[@b14-ijn-9-4399] Grover et al[@b37-ijn-9-4399] studied the concentration of dissolved urate that promoted the crystallization of CaOx from urine. Their research demonstrated that the effect of the urate on the crystallization was attributed to the salting out of CaOx from the solution. Hyperuricosuria was considered as a predisposing factor to CaOx stone pathogenesis.

Various phosphates are present in urine, such as CaP, amorphous calcium phosphate, hydroxyapatite, and carbapatite.[@b15-ijn-9-4399],[@b38-ijn-9-4399],[@b39-ijn-9-4399] All of them can function as nidus to induce the development of COM calculi.[@b40-ijn-9-4399] The main components in the interior layer of CaOx stones were CaOx and CaP, whereas in the surrounding region it was CaOx.[@b41-ijn-9-4399] Thus, CaP induced the development of COM calculi through heterogeneous nucleation, which has been evidenced by this paper in nanoscale.

Formation mechanism of COM stones
---------------------------------

[Table 1](#t1-ijn-9-4399){ref-type="table"} shows that the concentrations of calcium, oxalate, phosphorus, UA, magnesium, and creatinine in the urine of patients with CaOx calculi were significantly higher than those of the controls. In contrast, citrate and GAG excretions of the patients were significantly lower than those of the controls. These results indicated that the formation of CaOx calculi was closely related to hyperuricosuria and hyperoxaluria. The lack of crystallization inhibitors such as citrate and GAGs also increased the risk of renal calculi formation. Daudon et al[@b42-ijn-9-4399] and Donsimoni et al[@b43-ijn-9-4399] showed that COM formation was closely related with hyperoxaluria, whereas COD formation was closely related with hypercalciuria.

The formation of CaOx calculi closely related to high concentrations of UA, oxalate, and calcium as well as low concentration of citrate and GAGs in the urine. Such formation also related to the properties of urinary nanocrystallites.[@b5-ijn-9-4399],[@b7-ijn-9-4399] The component difference of urinary nanocrystallites is one of the important factors for the formation of various types of kidney stones.

[Figure 8](#f8-ijn-9-4399){ref-type="fig"} shows the schema of the formation process of papillary COM calculi. The existence of high concentrations of UA, oxalate, phosphorous, and calcium in urine and the lack of citrate and GAGs in urine could cause the formation of CaP, UA, COM, and COD crystallites.[@b44-ijn-9-4399] These formed crystallites would attach to the walls of the renal papilla in which the GAG layer was damaged, destroyed, or reduced.[@b45-ijn-9-4399]--[@b48-ijn-9-4399] These crystallites can act as heterogeneous nucleants of COM and induce the formation of loosely arranged twinned and intergrown plate-like COM crystals, thereby constituting the "core" of a COM calculus.[@b45-ijn-9-4399] In a certain developing stage, the organic material presented in urine covered the "core" surface. As an effective substrate for nucleation of COM crystals, these organic materials can induce the formation of columnar COM crystals at the "core" surface. Successive layers of such a compact structure increase the calculus size and constitute the shell. When conditions prevailing in the kidney become favorable for stone formation, a new calculus stratum of columnar crystals develops.[@b47-ijn-9-4399] Finally, this stratum develops into the papillary COM stone.

The small absolute value of zeta potential of the crystallites in the urine of the patients ([Table 1](#t1-ijn-9-4399){ref-type="table"}) caused the much easier aggregation of these crystallites. The increased concentration of creatinine also indicated that the kidney of the patients may be damaged, which would promote the adhesion of urinary crystallites to cells ([Figure 8](#f8-ijn-9-4399){ref-type="fig"}).

The formation of COM and COD crystals is not dependent on urine pH, because the change in urine pH does not correspond to a proportional change in the solubility of these salts.[@b33-ijn-9-4399] However, at urine pH \<5.5, anhydrous UA or dihydrate UA crystals will precipitate, and these crystals can act as heterogeneous nucleating agents that induce the formation of COM--UA mixed stones.[@b40-ijn-9-4399] A slight imbalance and change in urine pH can result in the rapid growth of amorphous calcium phosphate,[@b49-ijn-9-4399] and at urine pH \>6.0, CaP crystals can precipitate; these can lead to the formation of mixed CaOx--CaP stones.[@b16-ijn-9-4399]

Conclusion
==========

A combination of HRTEM, SAED, FFT, and EDS was performed to detect the components, especially if they were \<5% (such as phosphate), of any single urinary nanocrystallite in patients with CaOx stones, accurately. These low content components are difficult to detect using XRD and FT-IR. This new method facilitates understanding of the mechanism of renal stone formation. The formation of COM calculi closely related to high concentrations of UA, oxalate, and calcium as well as low concentration of citrate and GAGs in the urine. Such formation also related to the properties of urinary nanocrystallites. The main components of CaOx stones were found to be COM and a small amount of COD, while the main components of urinary crystallites were COM, UA, and CaP. EDS detected the characteristic absorption peaks of C, O, Ca, and P, and the ratio of Ca to P was \<1. The results provided direct evidence of nano-UA and/or nano-CaP crystallites as central nidus to induce COM stone formation. The component difference of urinary nanocrystallites is one of the important factors for the formation of various types of kidney stones.
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![X-ray diffraction spectra of stones in two representative calcium oxalate stone patients.\
**Notes:** (**A**) patient A, (**B**) patient B. ^a^peak at d=2.26 (202), ^b^peak at d=2.24 (213). The black arrows indicate the corresponding peaks and crystal faces. ★calcium oxalate monohydrate, ✰calcium oxalate dihydrate.](ijn-9-4399Fig1){#f1-ijn-9-4399}

![High-resolution transmission electron microscopy images of urinary nanocrystallites of two representative calcium oxalate stone patients.\
**Notes:** (**A**) Patient A, the bar: 500 nm; (**B**) patient B, the bar: 200 nm.](ijn-9-4399Fig2){#f2-ijn-9-4399}

![Fast Fourier transformation (FFT) images of high-resolution transmission electron microscopy in different areas of urinary nanocrystallites in one representative calcium oxalate stone patient.\
**Notes:** (**A--D**) show patients A--D, respectively. a and b show the FFT diffraction patterns transformed from the respective yellow boxes in **A**.\
**Abbreviation:** *d*, interplanar spacing.](ijn-9-4399Fig3){#f3-ijn-9-4399}

![Selected area electron diffraction images in different areas of urinary crystallites in one patient with calcium oxalate stones.\
**Note:** (**A**) patient D, (**B**) patient A.\
**Abbreviation:** *d*, interplanar spacing.](ijn-9-4399Fig4){#f4-ijn-9-4399}

![High-resolution transmission electron microscopy and selected area electron diffraction images of urinary nanocrystallites of one representative calcium oxalate stone patient. The bar: (**A**) 100 nm, (**B**) 10 nm, (**C**) 5 nm, (**D**) 2 1/nm.\
**Notes:** The areas B, C, and D in (**A**) are enlarged in (**B**), (**C**), and (**D**), respectively. a and b show the FFT diffraction patterns transformed from the respective yellow boxes in **B**.\
**Abbreviations:** CaP, calcium phosphate; COM, calcium oxalate monohydrate; *d*, interplanar spacing.](ijn-9-4399Fig5){#f5-ijn-9-4399}

![Atomic ratios from energy dispersive X-ray spectroscopy analysis of the central and surrounding regions of different urinary crystallites from calcium oxalate monohydrate stone patients.](ijn-9-4399Fig6){#f6-ijn-9-4399}

![Energy dispersive X-ray spectroscopy analysis of the elemental distribution of urinary crystallite of a representative calcium oxalate stone patient.\
**Notes:** (**A**, **C**) High-resolution transmission electron microscopy images; (**B**, **D**) element distribution, in which (**A**, **B**) show the central part, and (**C**, **D**) show the outside part of urinary crystallites.](ijn-9-4399Fig7){#f7-ijn-9-4399}

![Schema of the process of papillary COM renal stone formation.\
**Abbreviations:** CaP, calcium phosphate; COM, calcium oxalate monohydrate; GAGs, glycosaminoglycans; UA, uric acid.](ijn-9-4399Fig8){#f8-ijn-9-4399}

###### 

Comparison of properties of urine from healthy controls and CaOx stone-forming patients (n=9)

  Particulars                 Healthy controls (n=9), mean ± SD   CaOx stone-forming patients (n=9), mean ± SD   *P*[a](#tfn1-ijn-9-4399){ref-type="table-fn"}
  --------------------------- ----------------------------------- ---------------------------------------------- -----------------------------------------------
  Urine volume, mL/day        1,713±378                           1,213±202                                      \<0.05
  Urine pH                    6.09±0.27                           6.31±0.23                                      NS
  Calcium, mg/L               112±14                              147±32                                         \<0.05
  Oxalate, mg/L               20.1±3.0                            35.2±5.11                                      \<0.05
  Phosphorous, mg/L           441±59                              481±89                                         NS
  Uric acid excretion, mg/L   496±128                             741±203                                        \<0.01
  Citrate excretion, mg/L     341±81                              236±56                                         \<0.05
  GAGs excretion, mg/L        9.33±2.90                           4.32±2.04                                      \<0.01
  Magnesium, mg/L             61.0±14.8                           71.1±14.2                                      \<0.05
  Creatinine, mg/L            909±188                             1,069±169                                      NS
  Zeta potential, mV          −(10.2±2.0)                         −(6.09±1.91)                                   \<0.01

**Note:**

Data were analyzed using a Student's *t*-test.

**Abbreviations:** SD, standard deviation; CaOx, calcium oxalate; GAG, glycosaminoglycan; NS, not significant.

###### 

High-resolution transmission electron microscopy diffraction data and attributes in different areas of urinary crystallites in patients with calcium oxalate stones

            Measured *d*   *d* in PDF card   Attribution
  --------- -------------- ----------------- ----------------------------------
  **(A)**                                    
  a         *d*=2.88 Å     *d*=2.88 Å        \(0210\) plane of β-CaP
  b         *d*=1.55 Å     *d*=1.55 Å        \(517\) plane of β-CaP
  c         *d*=1.39 Å     *d*=1.39 Å        (1,514) plane of β-CaP
  **(B)**                                    
  a         *d*=5.88 Å     *d*=5.93 Å        ( $\overline{1}$01) plane of COM
  b         *d*=2.60 Å     *d*=2.61 Å        \(220\) plane of β-CaP
  c         *d*=2.19 Å     *d*=2.19 Å        \(404\) plane of β-CaP
  d         *d*=1.72 Å     *d*=1.73 Å        ( $\overline{3}$23) plane of COM
  e         *d*=1.62 Å     *d*=1.62 Å        (2,218) plane of β-CaP
  f         *d*=1.55 Å     *d*=1.55 Å        \(517\) plane of β-CaP

**Note:** (**A**) data from patient D, (**B**) data from patient A. (a--f) The different interplanar spacings of urinary crystallites.

**Abbreviations:** CaP, calcium phosphate; COM, calcium oxalate monohydrate; *d*, crystal plane distance; PDF, powder diffraction file.
